INTRODUCTION
The concept of temperature is developed briefly from the point of view of thermodynamics and then from the point of view of statistical mechanics. This leads to the definition of the thermodynamic temperature scale and then to the definition of various practical temperature scales. Finally, we shall consider the means and accuracy of realizing these scales.
THE TEMPERATURE CONCEPT

Thermodynamics
The concept of temperature is introduced into thermodynamics by the socalled zeroth law which states that two borlies in thermal equilibrium with a third are in equilibrium with one another. The temperature of a system is then the property which determines whether or not a system is in thermal equilibrium with another.
The usual formulation of the first law of thermodynamics implies the existence of an internal energy function, together with the conservation of energy and the definition of heat as energy in transit. Considering then the transformation ofheat into work, we have the second law ofthermodynamics, from which can be proved Carnot's theorem. This states that no engine can be more efficient than a Garnot engine, i.e. a reversible engine operating between only two reservoirs at different temperatures, and that its efficiency is a function only of the temperatures of the two reservoirs.
From this, Kelvin in 1848 defined the thermodynamic temperature scale, also known as the Kelvin or absolute scale. Two temperatures on the thermodynamic scale are to each other as the heats absorbed and rejected, respectively, by a Garnot engine operating between reservoirs at those temperatures. For the case of unit efficiency (all the heat transformed into work), the lower reservoir temperature must be at absolute zero. It remains for the third law of thern1odynamics to state the impossibility of attaining the absolute zero. Temperatures presently studied by physicists range from 1 0-6 to 1 0 9°K .
Following from the second law and the Kelvindefinition of temperature, it is possible to prove the Glausius theorem which establishes the temperature as the reciprocal integrating factor for heat and introduces the concept of entropy which is used in the mathematical formulation ofthe second law. In the alternative so-called axiomatic treatment of Caratheodory, the second law is stated in a way which Ieads by purely mathematical deduction to the Glausius theorem and to the usual mathematical formulation.
To complete the definition of the thermodynamic scale, it is necessary to define the number of degrees between two fixed points or between the absolute zero and one fixed point. In 1954, exactly 100 years after it was initially proposed by Kelvin, the latter coursewas adopted. By international agreement, the triple point ofwater was defined tobe 273·16°K.
A fuller treatment of the rather complex thermodynamic bases of the temperature concept is given by Zemansky 1 •
Statistical mechanics
The thermodynamic description of a system may be regarded as the reflection of an assembly of events at the atomic Ievel. These latter eventsatomic and sub-atomic movements and excitations-are described by statistical mechanics. From this point of view, temperature may be defined as a measure of the breadth of a statistical distribution of energy and it can be defined only if the distribution exists. In a number of cases, this approach is especially illuminating. Some of the more interesting of these cases are given below.
Small particles at low enough temperatures may have too few quanta of energy to be described statistically. They must be treated from the point of view offluctuation phenomena and it is not possible to assign them a temperature.
Again certain systemssuch as electron or nuclear spins have a finite number ofpossible energy Ievels. If there is one Ievel only, it is impossible to define a temperature. In the case of two Ievels it is always possible to define a temperature. Finally, in the case of more than two Ievels it is possible to define a temperature if a particular distribution-the Maxwell distributionexists. If all the Ievels are equally filled, this corresponds to an infinite temperature. When higher Ievels are more filled than lower levels-as in maser action-then providing there is still a Maxwellian distribution, we have negative temperatures which actually correspond to systems hotter than
As a final example of the insight provided by the statistical approach, we have the important case of different systems occupying the same physical space but separable thermodynamically. This happens if the total Hamiltonian is approximately the sum of separate expressions for each system. If an appreciable relaxation time exists between the different systems, then they may co-exist in space, but at different temperatures. At low temperatures electron and nuclear spins mentioned above may co-exist at a temperature that is different from that of the lattice vibrations. Interna! molecular vibrations in a molecular crystal may similarly have a temperature different from that of the lattice vibrations. In hot gases and flames we may have one molecular vibration energy temperature, another molecular translation energy temperature, yet another electron energy temperature, and so on.
THERMODYNAMIC TEMPERATURE SCALE Gas thermometry
The laws of " ideal " gases are simple and well understood and at low enough pressures real gases approximate to them. It can be shown that TEMPERATURE SCALES ABOVE l,000°C using the pressure-volume relationship a scale can be obtained which coincides with the thermodynamic scale as defined by Kelvin and various methods of gas thermometry have been developed on this basis.
One method is to extrapolate the PV isotherms of a gas to zero pressure. This way leads to a determination of temperature which does not depend on relative temperature measurements. It does, however, suppose an accurate knowledge of the gas constant, R.
The usua1 method of gas thermometry relates the unknown temperature to a reference temperature and it is also necessary to know the virial coefficients of the gas to correct for departure from the "ideal" gas law. Moser 2 has discussed the relative advantages of the so-called constant volume, constant pressure and constant bulb temperature versions of the method.
A more indirect method of using the pressure-volume relationship in gases is to measure the velocity of sound in the gas.
These various methods of gas thermometry have been used to realize the thermodynamic sca1e in the range from 1 to 1 ,500°K.
Optical pyrometry
In precision gas thermometry obvious experimental difficulties connected with the stability ofthe thermometer bulb set an upper Iimit to the operating temperature. Above this limit some alternative method of realizing the thermodynamic scale is required. Instead of the gas laws we may use the radiation laws, which arealso relatively simple and weil understood, to realize the thermodynamic scale.
Since sufficiently accurate absolute measurements of radiant energy are not possible and since relative measurements are not as yet possible at the triple point ofwater, it has been necessary to choose a high temperature fixed point determined by gas thermometry as the basis for relative radiant energy measurements. The solid-liquid equilibrium point of gold is usually chosen.
The optical pyrometertype ofinstrument using essentially monochromatic radiation is the most accurate means of making the appropriate radiation measurements. Planck's law is used: (1) where Jr and ]g are radiant energies per unit wavelength interval at wavelength A, emitted per unit time by unit area of a blackbody at the temperature eh T, and at the gold point Tg, respectively. C 2 = k is the second radiation constant; c being the velocity oflight, h Planck's constant, and k Boltzmann's constant. An accurate knowledge of C 2 is of fundamental importance when monochromatic radiation methods of temperature measurement are used.
PRACTICAL SCALES
A large number of physical and chemical phenomena are available as thermometric parameters, and many of them offer far greater simplicity, convenience and precision than gas thermometry or optical pyrometry.
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Examples are vapour pressure, liquid-in-glass, electrical resistance, and thermocouple thermometry. Especially important cases are the platinum wire resistance thermometer and the platinum against platinum with 10 per cent rhodium (Pt/Pt-lORh) thermocouple. Within fairly wide temperature limits, both these thermometers are extremely reproducible, not only in the case of each wire or couple, but as between different wires and couples, and they lend themselves to the measurement of temperature by interpolation between defined or measured points.
With appropriate interpolation formulae or tabulated functions and with agreed values for fixed points, these two thermometers have been used in defining various practical temperature scales. All such scales, in scientific use, are based on the degree Celsius (formerly known as the degree Centigrade) historically derived from the ice point at 0°C and the steam point at 100°C.
In effect, all temperatures on a practical scale are defined and it will only be by coincidence that any particular temperature is exactly the same as the numerically equivalent thermodynamic temperature. However, it is the aim of any practical scale to maintain as close agreement as possible with the thermodynamic scale while also making possible temperature measurements to a much higher precision than the thermodynamic scale would permit. From time to time, as the accuracy of realization of the thermodynamic scale is improved, the practical scale can be re-defined to bring it into line. This is usually done in such a way that earlier measurements can be corrected, without degradation, to the new version of the scale.
The principal scales used or referred to in high temperature work are, in historical order, as follows: This scale was adopted by the International Committee of Weights and Measures in 192 7. The Pt/Pt-1 ORh thermocoup1e, subject to certain tests which amount to purity checks, defined the scale from 660 to 1 063°C through a quadratic interpolation formula with constants determined by calibration at 630·5°C, the silver point and the gold point, both of which were given in the definition*. Above 1063°C, the scale was defined by means of monochromatic radiation using Wien's law and defined values of C 2 and the gold point.
* 630·5°C and 660°C are the freezing points of antimony and aluminium respectively and were secondary :fixed points only. They did not actually define the scale. 
COMPARISON OF SCALES
The discrepancies between the different scales above 1 000°C arise mainly from the differing values chosen for the gold point and for c2. the results of a determination independent of gas thermometry would be welcome. One possibility is to measure the Johnson noise power of a resistor at the gold point and at the water triple point. Another possibility is to determine the gold point on the basis of the zinc point at 419·505°C using Planck's law and monochromatic radiation in the infra-red. 
of the nickel and cobalt points from the gold point, the three fixed points being assumed known from gas thermometry. Some idea of the precision with which temperatures can be reproduced near the gold point is given by Table 3 . The resistor noise thermometer and the gas thermometer values are for the accuracy ofrealization ofthe gold point on the TCTS while the other values represent the best available figures for reproducibility. Some recent designs of platinum resistance thermometer are stable up to the gold point, but their performance deteriorates very rapidly above this temperature and they will not be discussed further.
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To allow comparison of the different scales, the temperatures of a number of fixed points are listed in Table 4 on the GTS, the ITS 1927, the IPTS and the TCTS, respectively. The points listed under GTS are defining points for that scale; the silver and gold points are defining points for the ITS 1927 and the IPTS; the copper, nickel, cobalt, palladium, platinum, rhodium, iridium, and tungsten points are classed as secondary reference points on the IPTS; the luminance temperature measured at the positive crater of a carbon arc, for .:\ = 0·65 p., has been shown by MacPherson 11 to be a convenient and reproducible point. The standard deviation accuracy of realization of each point is also listed. 1,064·5°C (therm.) has been assumed for the gold point, and a value of 1·4388 cm oc for c2. 
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CALIBRA TION OF OPTICAL PYROMETERS
Because of the fundamental importance of optical pyrometers, both in realizing the high temperature part of the thermodynamic scale and also as practical measuring instruments, we shall discuss them in further detail. Figure 4 is a diagram of an optical pyrometer. It consists of an objective lens 0 which images the source S in the plane of the filament of a reference lamp L. The source image and reference lamp filament are viewed together through the field lens F and Huyghens eyepiece H which together give a magnification of about X 20. The red filter R reduces the spectral bandwidth and makes it possible to define the effective wavelength tobe used in Planck's law; this is usually chosen to be about 0·65 fL, and is known to an accuracy of about l IDfL. The reference lamp circuit includes a battery and rheostat to control the lamp current and a standard resistor and a potentiometer P to measure the current.
s Figure 4 . Diagram of an optical pyrometer being calibrated at the gold point Primary temperature measurements begin with the calibration of the pyrometer at the gold point. This is done by matehing the brightness ofthe reference lamp filament to that of a blackbody at the gold point, the match being determined by the '' disappearance" of the filament into the background of the source. Higher source temperatures can be determined by reducing their apparent brightness to that of the gold point by means of rotating sectored disks of accurately known transmission. This transmission gives the intensity ratio, Jy/]g, tobe used in equation (1) to enable it tobe solved for T.
Proceeding along these lines, it is possible to build up a current-temperature calibration of the reference lamp, which is normally a vacuum lamp with a flat horizontal tungsten filament about 0·005 cm wide and about 1·5 cm long. Such a lamp can be safely calibrated from about 1 ,000 up to about 1 ,600°K without risk of being over-run. The rotating sectored disks can also be used to calibrate absorbing filters. These are not only more convenient to use than the sectored disks, but they can be used in combination to make possible the reduction of sources at indefinitely high temperatures to apparent temperatures within the calibration range of the reference lamp.
In practice, instead of equation (1), it is more convenient in calculations to use Wien's law: (2) This is the non-quantum limiting case of Planck's law. Where R is the transmission of the rotating sectored disk, equation (2) and is a function of the spectral transmission, t) ., of the red filter, the relative luminous efficiency of the observer, V.h and the spectral energy distribution of the source. Ae is given by:
and must be calculated for all pairs of values T 1 and T 2 which occur in the calibration of the pyrometer if Ae is to be determined with the required accuracy of 1 part in I 0 3 • Corresponding to R, for the sectored disk, it is possible to deduce an effective transmission, te, for an absorbing filter. This is, in general, a function of the source temperature. However, by choosing a filter glass of the right spectraJ transmission characteristic, it is possible to get a filter for which (5) where A is a constant of the filter known as the pyrometric absorption.
The use of such filters greatly facilitates high temperaturem easurements.
In the event that the source is not a blackbody, accurate optical pyrometer measurements may still be made if the emissivity is known. In this case, we speak of the luminance temperature, i.e. the temperature of a blackbody having the same luminance or brightness as the source, but it is then necessary to specify the effective wavelength ofthe pyrometer.
A full account ofthe theory of optical pyrometry together with a review of recent developments in objective or photoelectric pyrometry has been given elsewhere by the authorl 2 • USE OF THERMOCOUPLES Thermocouples are of great importance in precise high temperature measurement because they are compact and may be used in many situations where optical pyrometry would be out of the question. In addition, the Pt/Pt-IORh thermocouple defines the IPTS below the gold point. Thermocouples are more widely used than optical pyrometers through much of the range from 1,000 to 2,000°C. Further discussion ofthem is, therefore, appropriate.
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The transition to the use of the radiation laws at the gold point results in some degradation in the precision and accuracy of temperature measurements. This situation might be avoided by the use ofthermocouples to define the scale above the gold point and this is in fact clone in the GTS. In this connection, the calibration techniques used at the Washington Geophysical Labaratory have been described by Schairer 13 ; the GTS is realized with an accuracy of 1 °C or better, but more-or-less frequent recalibration is necessary, and in the range 1,450 to 1 ,600°C, the thermocouple must be calibrated before and after each experimental run. However, the calibration technique evolved for the particular experiments in this case makes it possible to recalibrate without removing the thermocouple from its experimental environment.
Some of the properties of the principal thermocouples are listed in Table 5 . The listed uncertainties are taken from manufacturers' data or pub1ished work and relqte to deviations from standard reference tables. Greater accuracy may .be obtained in the high temperature region by calibrating individual thermocouples by optical pyrometry, or by comparison with standard thermocouples which have themselves been so calibrated. Facilities for doing this are now being introduced at the major standardizing laboratories. Uncertainty is maximum deviationtobe expected from reference tables or among different wires, or among different batches of wire of high purity. The stability of most of the above thermocouples is sufficient to permit the calibration of individual thermocoup1es to an accuracy determined by that of the calibrating thermocouple or pyrometer.
• Chrome! and Alumel are registered trademarks ofthe Hoskins Manufacturing Company.
t Platine! is a registered trademark of Engelhard Industries, Inc.
For use at high temperature, thermocouples must normally be provided with electrical insulation and some kind of protective sheath. In many cases it is advisable that the latter be gas-tight in order to make possible the control of the atmosphere surrounding the couple. Up to 1 ,900°C, re-crystallized alumina has proved fairly satisfactory but above this temperature, at which alumina softens, there is no really satisfactory material and the use ofthermocouples is in consequence severely restricted. A satisfactory technique for imbedding the thermocouple in a ceramic might solve the sheath problem.
Finally, it is of interest to note that providing the thermocouple tip is at a higher temperature than that of any other part of the thermocouple, it will talerate a fairly substantial amount of insulation breakdown and leakage wi thou t significan t loss of accuracy. This will not be · true in some cases where "battery effect" occurs with the leaky insulator acting as an electrolyte. Nor will it be true ifthere is breakdown to the a.c. windings ofa furnace, tagether with a rectifier effect in the leaky insulation. This latter di:fficulty can frequently be overcome, however, by the use of a grounded refractory meta! foil shield around the sheathed thermocouple. It isthishigh tolerance to leakage together with compactness which makes thermocouples usually preferable to resistance thermometers at high temperatures.
ACCURACY OF REALIZATION
It should be emphasized that the accuracy of realization of a temperature scale is not the same thing as the precision or reproducibility of measurements, which is usually much high er. Also, the maximum accuracy can only be reached under favourable experimental conditions. For example, thermocouples are subject to contamination, evaporation and to various electrical effects, as explained above, which may make illusory the apparent accuracy. Optical pyrometry may be limited in accuracy by the inadequacy of internal rheostats and calibrated scales in most commercial instruments, or by the source emissivity not being sufficiently weil known. .. Tungsten strip lamps, which have a filament consisting of a vertical tungsten ribbon about 0·15 cm wide, make a highly reproducible secondary 576 standard of luminance temperature in the range 800 to 2,200°C. They can be calibrated with an accuracy which is substantially that of the calibrating optical pyrometer and their use is intimately connected with accurate optical pyrometry. The results of seven optical pyrometer calibrations clone at a number ofpoints by five.nationallaboratories are given in Table 6 . These results indicate a standard deviation accuracy of about 1 °C in the vacuum lamp range to I ,500°C and about zoc in the gas-filled lamp range from 1,500 to 2,200°C.
The accuracy of optical pyrometry has been ana1ysed by the author 14 and the results are included in Figures 2 and 3 . At higher temperatures, most of the error is due to the uncertainty in the effective wavelength used in calibrating the absorbing filters. This in turn is due to the variation among individual observers' relative luminous efficiencies ( i.e. to their differing spectral responses at the retina of the eye, as compared to a hypothetical standard observer response which is assumed in effective wavelength calculations).
It can be shown that absorbing filters commonly in use may be calibrated at lower temperatures and used with confidence for optical pyrometer measurements at quite high temperatures. Since these calibrations are based on Wien's law, it is necessary to correct them to a Planck's law basis. This correction, which is negligible below about 4,000°C, is shown in Figure 3 .
Recently, a nurober of standardizing Iaboratories have reported the development of precision pyrometers in which a narrow spectral band is isolated by means of a prism monochromator or an interference filter and the photometric match is made by means of a photomultiplierrather than with the observer's eye. In this way, a notable increase in precision is obtained. At the same time, the accuracy of realization of the scale can be improved, particularly since the effective wavelength can be more accurately determined.
CONCLUSIONS
For many years eminently satisfactory accuracy of temperature measurement in the high temperature region has been obtained using noble metal thermocouples and visual optical pyrometers. The recent development of photomultiplier spectro-pyrometers is beginning to result in the realization of the IPTS in standardizing laboratories to a substantially greater accuracy than before. At the same time, improved understanding of visual optical pyrometry, together with advances in thermocouple pyrometry, are making it possible to realize the IPTS in the range 1,000 to 2,000°C with a standard deviation accuracy as good as I or 2°C in an ever-increasing variety of experimental conditions. Measurements above 2,000°C can be made with optical pyrometers and the factors affecting the accuracy are fairly weil understood.
Finally, re-determinations of the gold point and of the second radiation constant have fixed the TCTS with greatly improved accuracy. In the near future, it will be possible to re-define the IPTS in such a way as to bring it into very close agreement with the TCTS above the gold point.
